We suggest a new formulation for the bosonic part of the electroweak sector of the Standard Model. In the new formulation the Higgs field is not required, and the mass spectrum coincides with that obtained in the usual formulation of the Standard Model with the help of the Higgs mechanism. The action used in the new formulation is gauge invariant, renormalizable and the corresponding BRST cohomology can be defined.
PACS 12.15.-y It is well known that the theoretical predictions of the Standard Model are in complete agreement with experimental tests, except for one sector containing the Higgs boson. The existence of the Higgs boson in the Standard Model is related to the spontaneous symmetry breaking mechanism which makes gauge bosons and fermions massive and breaks SU (2) × U (1) symmetry of the theory to the electromagnetic U (1)-symmetry.
Since there is no experimental data confirming the existence of the Higgs boson it is natural to seek for other mass generation mechanisms for gauge theories which would produce massive bosons and fermions in such a way that no extra particles appear in the spectrum.
In the last two decades several mass generation mechanisms for nonabelian gauge fields were suggested (see [12] for discussion of these mechanisms in three-dimensional case). Among those mechanisms the most interesting one was introduced in [1, 9, 13] with the help of an antisymmetric (2, 0)-type tensor potential B coupled to the gauge field A via the topological term tr (B ∧ F ) with a coupling constant m of mass dimension one, F being the curvature of A (here and below we assume that the tensor fields take values in a compact Lie algebra g, and tr is an invariant scalar product in that Lie algebra). This term is a four-dimensional generalization of the topological nonabelian Chern-Simons term [11] .
The two-form potential with a kinetic term considered already in [5, 19] is known to have one functional degree of freedom, a scalar. Coupling this scalar to the gauge field via the topological term naturally yields a theory with three functional degrees of freedom describing a gauge massive vector field of mass m (see [7] , Sect. IV for the detailed proof of this fact in the framework of Hamiltonian reduction). We note that the nonabelian massive gauge theory discussed above is not a straightforward generalization of its abelian counterpart introduced in [4] . Beside of the gauge symmetry the corresponding abelian theory has an additional vector symmetry which allows to reduce the number of functional degrees of freedom to three. In order to obtain the corresponding nonabelian theory with a similar symmetry one has to introduce an extra non-dynamical vector field C (see formulas (1) and (3) below). This trick is similar to that used in [3, 18] for Freedman-Townsend model [6] .
In [9, 14] it is shown that a BRST invariant tree-level action can be constructed for the theory introduced in [1, 9, 13] . Therefore the theory is unitary in the physical sector. Note that the nonabelian massive theory introduced in [1, 9, 13] contains more field variables than the corresponding abelian theory. As a result one can circumvent the no-go theorem (see [8] ) and prove that the nonabelian theory is renormalizable (see [15] ).
Thus the action introduced in [1, 9, 13] generates a renormalizable, unitary and gauge invariant theory which describes massive bosons of mass m and does not have a Higgs particle. It would be natural to apply this theory to describe the bosonic part of the electroweak sector of the Standard Model. The main difficulty related to possible such applications is that the bosons in the electroweak sector of the Standard Model have different masses. In order to obtain the bosons of different masses, in [2] it was suggested to make the photon massive, as well as the other particles, by coupling (2, 0)-type tensor potentials to both SU (2) and U (1) parts of the gauge field used in the Standard Model. Then one can impose a gauge noninvariant condition on the (2, 0)-type tensor potentials (see formula (20) in [2] ) and send one of the mass parameters to infinity to obtain the mass spectrum in agreement with the usual Weinberg-Salam theory. This solution is not quite satisfactory since the gauge and the additional vector symmetries are broken, and hence the obtained theory is not BRST invariant and not unitary. The proof of renormalizability can also not be applied in this case. Another gauge noninvariant mass term generating the correct mass spectrum was proposed in [15] .
In this paper we suggest a new model describing the bosonic part of the electroweak sector of the Weinberg-Salam theory. The action S W that we introduce for that purpose is constructed similarly to the action defined in [1, 9, 13 ] (see formula (10) below). S W is also gauge invariant and has an additional vector symmetry like the action introduced in [1, 9, 13] . Hence the results of [9, 14, 15] imply that one can construct the corresponding BRST-invariant tree-level action, and the theory is unitary and renormalizable. The mass spectrum of the particles described by our model coincides with that obtained in the usual formulation of the Standard Model using the Higgs mechanism. The idea of our construction is based on the fact that the underlying group U (1) × SU (2) of the electroweak sector of the Standard Model is not simple; it can be represented as a semidirect product U (1) ⋊ SU (2) of U (1) and SU (2).
First we recall the definition of the gauge invariant action introduced in [1, 9, 13] . We fix a nondegenerate invariant under the adjoint action scalar product on g. We denote this scalar product by tr (for instance, one can take the trace of the composition of the elements of g acting in the adjoint representation). Let t a be a linear basis of g normalized in such a way that tr(t a t b ) = − 1 2 δ ab . We introduce the components A a µ of the gauge field A µ by
We also use similar notation for the components of any g-valued quantity. Let F µν be the curvature of A µ ,
where g is a coupling constant. Let B µν and C µ are the (2, 0)-type skew-symmetric tensor field and vector field, respectively, with values in the adjoint representation of g. The action defined in [1, 9, 13] can be written in the following form
where m ia a mass parameter,
the covariant derivative corresponding to the gauge field A µ , and for the lower indexes square brackets always mean antisymmetrization, e.g.
We also use the standard convention about summations and lowering tensor indexes with the help of the standard metric g µν of the Minkowski space, g 00 = −1, g ii = 1 for i = 1, 2, 3, and g ij = 0 for i = j, and ǫ µνρλ is the absolutely antisymmetric tensor of rank four such that ǫ 0123 = 1. The action (1) is invariant under the gauge transformations
and under vector transformations
where Λ µ is an arbitrary vector field with values in the adjoint representation of the gauge group.
In particular, definition (1) and formulas (3) imply that the field C µ is not dynamical and can be removed by transformations (3) (see [1, 7, 9, 13] for more detailed discussion of this phenomenon). In [7] , Sect. IV it is also shown that action (1) describes a massive g-valued vector field, the mass being equal to m.
A precise analysis of the reduced phase space in the framework of Hamiltonian reduction can be found in [7, 17] . Actually due to the presence of the non-dynamical vector field C µ the explicit description of the reduced phase associated to action (1) is much more complicated than in the corresponding abelian case, i.e. when the coupling constant g vanishes, and hence the axillary vector field C µ is not present in the definition of the action. It turns out that beside of symmetries (2) and (3) action (1) also has some other hidden symmetries which reduce the number of functional degrees of freedom of the system to three, like in the corresponding abelian case when the axillary field C µ is not present (see [7, 17] ).
One can calculate the mass spectrum of the nonabelian theory by looking at the corresponding unperturbed action S 0 obtained from (1) by putting g = 0 (see [2] ; the mass spectrum turns out to be same in the abelian and in the nonabelian cases [7] ). Introducing the vector field J µ = 1 2 ǫ µνρλ ∂ ν B ρλ and integrating by parts one can rewrite S 0 in the form
This action gives the following equation of motion for J µ
Substituting J µ given by the last formula into (4) we obtain the usual action for the massive g-valued vector field of mass m,
Now using an action similar to (1) we describe the bosonic part of the electroweak sector of the Standard Model. Our main construction is based on a very simple observation: the underlying group U (1) × SU (2) of the electroweak sector of the Standard Model can be represented as a semidirect product U (1) ⋊ SU (2) of U (1) and SU (2),
In order to establish isomorphism (6) one has to fix a homomorphism
i.e. a Cartan subgroup in SU (2), which gives rise to a representation U (1) → End SU (2) via the adjoint action of SU (2) on itself. This representation can be used to construct the semidirect product U (1) ⋊ SU (2). Let u(1) ¡ su(2) be the Lie algebra of U (1) ⋊ SU (2). Recall that the commutator in u(1) ¡ su (2) is given by
In the formula above h ∈ su(2) is a fixed element of the Cartan subalgebra in su (2), and we identify the Lie algebra u(1) with R, u(1) ≃ R.
Isomorphism (6) induces an isomorphism of Lie algebras,
In formula (7) and thereafter we assume that the standard commutators of u(1) and su (2) in the definition of the direct sum u(1) ⊕ su(2) are rescaled by constants g ′ and g, respectively. In our construction these constants will play the role of coupling constants as in case of the usual formulation of the Standard Model, and isomorphism (7) will be used to obtain particles of different masses without gauge symmetry braking. Now let B µ and A µ be the u(1) and su(2) -valued gauge fields (connections) on the Minkowski space. Denote by u(1) and su(2) the Lie algebras of the corresponding gauge groups U(1) and SU (2).
The basic ingredient of the Standard model is the direct sum (B µ , A µ ) of connections B µ and A µ . (B µ , A µ ) is a u(1) ⊕ su(2)-valued gauge field on Minkowski space. Note that the isomorphism
induced by (7) can not be applied directly to the connection (B µ , A µ ) since the space of connections is not linear. But it can be applied to the curvature of (B µ , A µ ). Indeed, the components of the curvature (F µν (B), F µν (A)) of (B µ , A µ ),
are elements of the adjoint representation of the gauge group U (1) × SU (2), and hence
belongs to the adjoint representation of the gauge group
Note that from the definition of the semidirect product it follows that the su(2) component in the decomposition u(1) ¡ su (2) is invariant under the adjoint action of U (1) ⋊ SU (2) ≃ U (1) × SU (2). We denote by su(2) 1 this representation of U (1) × SU (2) in the space su (2) . By the definition of the representation su(2) 1 the component
defined by the second term in the r.h.s. of (8) takes values in su(2) 1 . In order to write down the new action S W describing the bosonic part of the electroweak sector of the Standard Model we have to fix a nondegenerate invariant under the adjoint action scalar product on su(2). We denote this scalar product by tr (for instance, one can take the trace of the composition of the elements of su(2) acting in the adjoint representation). Let t a , a = 1, 2, 3 be a linear basis of su(2) normalized in such a way that tr(t a t b ) = − A similar notation for the components of any su(2)-valued quantity will be used. Put h = t 3 in formula (7) . We suggest to describe the bosonic part of the electroweak sector of the Standard Model with the help of the following gauge invariant action
the gauge group of the theory being U (1) × SU (2). In the expression above F µν is defined by formula (9), B µν and C µ are skew-symmetric (2,0)-type tensor field and vector field, respectively, with values in the representation su(2) 1 of the group U (1) × SU (2),
is the covariant derivative of the connection (B µ , A µ ),
The covariant derivative can be applied to any tensor field defined on the Minkowski space and taking values in a representation space of the Lie group U (1) × SU (2), the u(1) ⊕ su(2)-valued gauge field (B µ , A µ ) acts on the tensor field according to that representation. Note that beside of the gauge transformations action (10) is also invariant under vector transformations
where Λ µ is an arbitrary vector field with values in the representation su(2) 1 of the group U (1) × SU (2). Therefore the results of [9, 14, 15] imply that one can construct the corresponding BRST-invariant tree-level action, and the theory associated to action S W is unitary and renormalizable. The mass spectrum of the theory can be calculated from the abelian counterpart S and B µ by an orthogonal transformation, 
